Several alternative fabrication methods for optical fiber sensors have recently been demonstrated including micromachining, surface relief etching and self-writing of photopolymerizable resins. In this paper, a multi-physics finite element model of sensor self-generation through optical confinement in a photopolymerizable gel is presented that accounts for the dynamics of photopolymerization, and the opto-mechanical interactions of densification, residual strains, and strain-optic effects. In the future, this model will be applied to predict the geometry and index distribution of a micro-optical fiber sensor. The index of refraction and the material density of the photopolymerizable gel as a function of optical intensity and time will be experimentally determined to characterize the dynamics of the particular photopolymerizable resin and used as inputs for the finite element model.
INTRODUCTION
Photopolymerization has presented a new avenue for developing micrometer-scale optical devices due to the self-writing/self-guiding nature of the curing process. Photopolymerization occurs when a focused beam of light impinges upon a photo-curable resin. Only the region directly in the focus of the beam is cured while the rest of the resin remains liquid. In the curing process, the index of refraction is increased enough to create an index-guiding relationship between the cured and uncured resin respectively. As this process continues, the light guides itself down this new core region curing as it goes, creating a self-writing waveguide, [1] [2] [3] which is depicted in figure 1. These properties have made photopolymerization very appealing for microstructured optical device applications.
One of the most recent applications comes from the sensing industry, in the field of structural health monitoring, where there is a desire to create sensors that are small, unobtrusive, lightweight and robust enough to survive general wear. A hybrid silica-polymer fiber sensor was developed by Huang 4 by writing a polymer sensing element between two silica multi-mode fibers (MMF). This sensor was designed to increase the sensitivity of fiber sensors to allow for a greater percentage elongation before failure. This strain sensor works on the principle of measuring the intensity of the propagated light which changes with elongation and also has potential Fabry-Perot Interferometric sensing capabilities. The sensor was able to sustain up to a 5% strain before failure at the silica/polymer interface.
A number of groups have experimentally studied the photopolymerization process, 1-5 but since it is a nonlinear process, it has been difficult to define and model theoretically. In Monro et al., 6 , 7 a mathematical relationship for this process was derived using a modal decomposition technique as well as series expansion method, which allowed for less time-consuming computations and set forth a theoretical model for this previously uncalculated phenomenon. Another series of studies have developed a computational model for the growth of a polymer tip at the end of a fiber [8] [9] [10] which takes into account the need to update the refractive index of the material with respect to time. It was also found that there is a threshold energy which must be surpassed in order to start the polymerization process and that the rate of polymerization is affected by the amount of oxygen present in the -* tcc sample. A greater amount of oxygen inhibits the process, but if the oxygen concentration is less than 10 −5 M polymerization occurs. 8 In Dorkenoo et al., 5 a chemistry-based approach to photopolymerization was proposed based on the rate of increase in polymer concentration during exposure. According to Dorkenoo, there is an increase in the index of refraction (n) of the resin by approximately 2% as well as a decrease in the material thickness (d) of the sample by approximately 4% which means that neither effect can be neglected as they both significantly affect the optical thickness (δ = nd) of the material. A review of the literature suggests that as of yet, a numerically efficient model has not been produced that can account for these two major optical effects with respect to space and time.
In this paper we present the first steps towards a new finite element approach to modeling the photopolymerization process that incorporates the affects of both the change in the index of refraction as well as the change in the density of the material. This model is adjustable for various input parameters to help predict the outcomes of the photopolymerization process as well as to verify experimental results with particular interest for use in sensing applications.
BACKGROUND

Photopolymerization
Photopolymerization is an optical-chemical process that occurs when ultra-violet (UV) light strikes a UV-curable epoxy resin. The resin in the uncured form is a bath of monomers or small molecules that can combine to form chains of molecules (polymers) under the right conditions. When the epoxy is exposed to the UV light source, the monomers directly in the focal region of the beam are excited and align to create polymer chains. In this process the index of refraction of the cured portion has been increased by the UV radiation, which is directly related to the rate of polymerization of the resin. At the same time, the density of the material is being changed and causes a decrease in the thickness of the resin inversely proportional to the rate of polymerization.
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Theory
The polymer chains that are formed through photopolymerization create a channel within the resin only where the source was focused. The properties of the resin and light interactions allow the light to generate a higher indexed portion of the resin which confines the light, focusing it further into the material creating a self-writing waveguide. As the light continues being guided through the material its interactions are also changing the density of the material in turn decreasing the thickness of the sample. This entire process is dependent on the rate at which the light excites the monomers in the resin and how many of them interact to form polymer chains.
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In general, the concentration of polymers can be defined as P (t) where P (t) varies between 0 and 1. Beginning with the resin bath at time t = 0, it is assumed that no polymerization has occurred and the bath is completely liquid so at t = 0, P (0) = 0. When the resin is exposed to the light source, full polymerization is defined as P (∞) = 1 or there has been 100% polymerization in the focal region which creates a solid cylindrical shape within the liquid bath. A general differential equation can be used to defined the concentration of polymers with respect to time as defined by Dorkenoo et al.,
where ζ is a dimensionless constant dependent on material properties and κ is defined below with respect to the resin sample thickness (d). For a general case with ζ = 0.231 and κ = 0.108, 5 P (t) was graphed for a period of 50 seconds. It can be seen from figure 2 that polymerization occurs rapidly within the first portion of the sequence when the path the light travels is mostly liquid with a low concentration of polymers and plateaus towards the end when most of the resin in the focal region has polymerized.
To characterize the dependence of the index of refraction on the concentration of polymers in the resin, it can be defined generally by equation (2) , where n 0 is the initial index of refraction of the resin and ∆n is the change in index due to the incident light, n = n 0 + ∆n.
As stated, the change in index of refraction ∆n at a given point in space is directly proportional to the amount of resin polymerized P (t). Therefore the increase in index can be defined using equation (1) to derive,
where I z is the power flow in the z-direction at a particular point in the resin bath and α is a dimensionless constant scaling the equation with respect to the application conditions. It is important to note that the power flow I z of the lightwave propagating through the resin is a function of the index distribution, n. Therefore equation (3) must be solved with a time-dependent analysis.
The thickness of the exposed resin d(t) is decreasing inversely proportional to the concentration of polymers at the same time the index of refraction is increasing. This relationship was defined by Dorkenoo et al. 5 using the polymer concentration equation (1) producing the relationship shown by equation (4),
where κ is defined in terms of sample thickness as κ = [d
Imagining the inverse of the graph from figure 2, it is apparent that as the resin cures, the greatest decrease in its thickness occurs at the beginning of the exposure process and plateaus at the end when the concentration of polymers is very high, meaning the resin has fully cured in the focal region.
MODELING
To more efficiently compute the opto-mechanical interactions within a resin undergoing photopolymerization, an epoxy resin bath made of a UV-curable epoxy was modeled using COMSOL Multiphysics as the modeling interface, taking into account the properties of photopolymerization as described above. This model shows the dynamic interactions between the incident lightwave and the reacting resin bath through a time-dependent model incorporating the polymer concentration ODE from equation (1). There are a number of parameters that go into modeling this process. For this model to be physically relevant, it needs to incorporate known or determinable input values. Experimentally it is possible to measure the initial values of the index of refraction (n 0 ), density (ρ), and sample thickness (d 0 ). Some other necessary known values are the wavelength and power output of the laser source. From these values, the wave number (k), the Gaussian waist (w 0 ) of the laser and the peak electric field values can be calculated. We have developed a finite element model to mathematically and visually represent this process using these experimentally determined values.
The basic computational outline for this model is shown in figure 3 . Given the input parameters described above, the model will calculate the final index of refraction n f (r, θ, z) for the material and continuing work will also add in calculation of the final material thickness d f (r, θ, z) . This model can also output other important properties such as intensity, energy, and electric field properties at each time step. Eventually it will also show the deformation in the resin and compute the final length of the polymer fiber created.
For this model, we consider a uniform resin bath with an input Gaussian plane lightwave. This process can then be modeled as an axisymmetric problem. Using this symmetry, the model of the epoxy resin is represented by a rectangular section of a cylinder where the width is the radial coordinate (r) and the length of the rectangle is the z-coordinate going from 0 to 20µm as shown in figure 4 . Each of the boundaries is labeled as b1 through b4. In order to properly define the system, the boundaries must be defined by their input electromagnetic properties. The incident lightwave can be defined by,
where ω is the angular frequency. E r,φ,z is aligned and centered at (r = 0, z = 0) producing a Gaussian distribution. The input parameters used for this lightwave are given in table 1. Table 2 shows the different conditions assigned to each of the different boundaries b1 → b4. Next, the properties of the resin are defined polymer concentration P (r, z, 0) = 0. Equation (2) can be expanded to describe a time-dependent model as given by equation (6) for t > 0, n t = n t−1 + ∆n t (6) describing the increase in the index of refraction. To improve the accuracy of the result, the mesh was defined to be very fine along the z-axis and slightly more coarse as r → 6µm which is shown in figure 5 . The sequence of figure 3 was run from time t = 0 to t = 15x10 −14 s with time steps ∆t = 1 −16 . The time scale is very small because of the dependence of this process on the interactions of the resin with the incoming light. In addition, for finite element wave propagation problems, if the time steps are too large a numerical attenuation of the wave occurs which is not present in the physical system.
RESULTS AND DISCUSSION
Using the values from tables 1 and 2, an example of the photopolymerization process was calculated over a period of 15x10 −14 s. The series of plots shown in figures 6 show the power flow in the z-direction. Each plot successively shows the power at another step in time. It should be noted that these plots were calculated using a linear variation of the equation for P (t) to make sure the process was changing and updating with respect to time. The final model will incorporate the saturation rate given by equation (1) . Another important thing to note with modeling this mechanism is that it must be done for extremely small time steps. If not, the light dissipates out before it can fully propagate the length of the sample. This computational anomaly can be seen slightly in figures 6 (a)-(i), though to a smaller extent because ∆t is very small. Larger time distributions and time steps were attempted in modeling but the light never propagated the full length of the model which brought about the need to use such a small time scale to accurately represent this process.
The change in index of refraction for the first time step is shown in figure 7 . The time is scaled down to account for the dissipation issues, and the constants have been adjusted to produce the same change in n as Figure 6 . Propagation of the power distribution from time t = 2 −15 to t = 15x10 −14 .
occurs in the experimental data. It can be seen that at this initial value, the light propagating through the material is increasing the index of refraction and is creating a cured channel within the resin. Further modeling will be done to extrapolate this change to visualize the process as it continues through the entire length of the sample. To date, we have almost completed the index of refraction updating and are currently working on updating the change in thickness of the sample. When finished, this model will allow for an extrapolation to many different studies and applications utilizing the photopolymerization process. Figure 7 . Initial change in the index of refraction at time t = 2 −15 .
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CONCLUSIONS
We have developed a model that accounts for the change in the index of refraction (∆n) in a UV-curable epoxy resin during the process of photopolymerization. This model allows for variable input parameters to replicate experimental data and allows for extrapolation to further studies. Continuing research is currently being conducted to include the change in thickness of the resin into the model to accurately describe the characteristics of this process.
